Navigators have been developed as one of the many approaches to reducing motion artifacts due to respiration. A typical navigator approach applies a pencil-beam style profile crossing the diaphragm to track the superior-inferior (SI) motion of the diaphragm, and subsequently applying correlations to determine the heart location. This approach necessitates a priori knowledge of the correlation coefficients between heart and diaphragm motion, a variable parameter among patients. This paper presents an alternative navigator method based on Rapid Motion Perception (RaMP). This method acquires profiles of the ventricular blood volume based on its high flow velocity. The position of the blood volume is a direct representation of the position of the heart. This method allows cardiac navigation in two orthogonal directions simultaneously, eliminates the need to obtain correlations to the diaphragm motion, and increases tracking reliability for individual patients. A prospective version of RaMP navigators has been implemented on a clinical 1.5 T scanner, and preliminary tests on human volunteers show that this method can successfully track the heart position over the entire respiratory period. This navigation scheme is tested for predicting superiorinferior and anterior-posterior (AP) motion of the heart for breath-hold and free breathing conditions. Bland-Altman plots comparing the motion predicted by the navigators and that computed from single-shot images immediately following the navigators, show that the accuracy of this method is + 1.43 mm in the SI direction and +0.84 mm in the AP direction. The RaMP navigator is suited for real-time tracking of the bulk translational motion of the heart.
INTRODUCTION
Cardiac imaging sequences often span multiple heartbeats to obtain temporal and spatial resolutions. Under such conditions, respiratory motion can significantly impair the quality of magnetic resonance (MR) images with motion artifacts.
A number of techniques have been proposed and developed over the years to minimize the effects of respiration on MR images. Breath-hold techniques (Duerinckx and Urman, 1994; Manning et al., 1993; Meyer et al., 1992; Paling and Brookeman, 1986; Pennell et al., 1993; Post et al., 1995; Sakuma et al., 1994) and navigator echoes (Ehman and Felmlee, 1989; Haacke et al., 1995; Hofman et al., 1995; Sachs et al., 1994; Wang et al., 1996) , both prospective and retrospective, are among the approaches that have been developed. Each of these techniques has its capabilities and limitations. While breath-holding is the most commonly used approach to reducing motion artifacts, it limits the available scan time and may cause physiological changes during the course of a breath-hold.
Navigator methods, on the other hand, allow normal or quiet breathing and require less patient coaching. They extend the available scan time greatly and maintain a normal physiological state. However, it is often difficult to accurately measure the position of the heart in real time.
One approach has been locating the position of the diaphragm of the patient at its interface with the lungs, and utilizing this information to determine the current position of the heart, in order to prospectively or retrospectively apply a motion correction to the imaging slice. This approach, however, requires knowledge of correlations between the motion of the diaphragm and the cardiac movement. It has been shown (Wang et al., 1995) that the respiratory motion of the heart is approximately a global translation, with the motion being dominated by the superior-inferior (SI) component and approximately, linearly correlated to the SI motion of the diaphragm. The mean correlating factors for the right coronary artery (RCA) root and the left anterior descending (LAD) artery vis-à-vis the SI position of the diaphragm were determined to be 0.57 + 0.26 [standard deviation (SD)] and 0.70 + 0.18 (SD), respectively (Wang et al., 1995) .
However, subsequent work Johansson et al., 1998; Keegan et al., 2002; Nagel et al., 1999; Nehrke et al., 2001; Taylor et al., 1998) has also showed varying amount of bulk heart motion in the anterior-posterior (AP) direction, and considerable variation in the correlating factors among individuals, which would necessitate determining correlating factors for each patient, if diaphragm-based navigator positions are used for correctly positioning imaging slices. Application of navigators to the free wall of the left ventricle (LV) is more reliable, but has the disadvantage that magnetization voids can occur at the lung-LV free wall interface Wang et al., 1996) , and the navigator signal-to-noise ratio (SNR) can be considerably reduced due to the smaller diameters of the navigator beams at such locations . Application of pencil-beam navigators directly through the heart Johansson et al., 1998) can generally lead to destructive interference between the pencil beam navigators and the imaging volume, affecting image quality and navigator accuracy (Nehrke et al., 2001) .
In the present article, an alternative navigator approach is presented, in which, instead of tracking the motion of the diaphragm or the LV free wall, the fastflowing blood volume in the heart is tracked during the cardiac cycle. Due to its sensitivity to high velocity flow, the approach is called Rapid Motion Perception (RaMP) navigator. In this approach, during systolic emptying (or diastolic filling), the fast-moving blood volume in the ventricles is isolated by performing a complex difference analysis of the flow-sensitized profiles. This complex difference analysis suppresses the stationary or slowmoving spins. Simultaneous tracking of SI and AP movement of the heart is demonstrated by this approach. Small flip angle excitations gave sufficient SNR without creating saturation effects.
THEORY RaMP Overview
During systolic emptying (or diastolic filling), the position of the fast-flowing ventricular blood volume can be used as a marker for the position of the heart. The profile of this blood volume can be obtained by a complex difference analysis of one-dimensional, flowsensitized data through the application of velocityencoding bipolar gradients during the navigator. Figure 1a shows the RaMP navigator sequence. This method essentially uses a series of spoiled Fast Low Angle SHot (FLASH) echoes (Crawley and Henkelman, 1987; Haase et al., 1986) and incorporates an alternating pair of bipolar velocity-encoding gradients. If M 1,k and M 2,k represent the transverse magnetization at the readout after the first and second bipolar gradients, respectively, for the kth navigator echo, then the complex difference for the RaMP scheme (CD) is given by
where the transverse magnetization values are obtained by performing a one-dimensional Fourier Transform (FT) on the raw data along the readout, or frequencyencoding, direction. The first cardiac cycle scan is considered as the reference scan and establishes the reference position of the heart. The CD profile of the blood volume for this cycle is used as the reference profile. This reference profile is then compared with the CD data of subsequent scans to determine their offsets from the reference position. Mathematically, this comparison is realized with standard motion analysis by profile correlation (Ehman and Felmlee, 1989) , detailed below.
1. A reference profile is first obtained for the reference scan. This is done by performing the following operations on the reference CD profile:
. Fast-Fourier Transforming (FFTing) the magnitude of the data. . Applying a Fermi filter to remove any high frequency noise in the profile. . Zero-filling the filtered data and applying an inverse FFT to obtain an interpolated profile. . Finally, a thresholding operation is performed on this data to yield the one-dimensional reference profile.
2. For profile correlation of the CD data of the subsequent scans with the reference, the following operations are then performed:
. The magnitude of the CD data for subsequent scans is FFTed. . This is then zero-filled, flipped about its midpoint, and multiplied with the Fourier transformation of the reference profile. . Application of an FFT operation to this product yields the sliding correlation among the profiles. The amount of shift that results in the maximum correlation value is used as the position shift in subsequent scans.
RaMP Guided Imaging Figure 1b shows the arrangement for RaMP guided imaging. This sequence is electrocardiographically gated (ECG-gated), and a trigger delay (TD) is used to locate the RaMP in mid-systole to obtain the maximum flow signal. The RaMP data are analyzed in real time and the position corresponding to the motion of the heart is computed during the time delay between the navigators and the imaging sequence (navigator -imaging delay, NID). Typical numerical values for all the delay times are presented in the Methods section. The slice shift corresponding to the position change is applied during the NID and the imaging scan is then played out.
METHODS
All the scans were performed on a Siemens Sonata 1.5 T whole-body clinical scanner [Siemens Medical Systems (SMS), Iselin, NJ], with a gradient set of 40 mT/m and maximum slew rates of 200 mT/m-ms. As mentioned earlier, the navigators were ECG-triggered, spoiled-FLASH echoes with the gradient spoiling in the Slice-Select direction, and included alternating pairs of bipolar, velocity-encoding gradients. For a given pair of RaMP echoes, each half (comprising of one bipolar encoding gradient) was implemented with a repetition time (TR) of 8 ms and an echo time (TE) of 3.5 ms, RF flip angle (a) of 108 and slice thickness of 20 mm. Thus, a pair of RaMP echoes along a single axis, yielding the cardiac position shift along that direction, would occupy 16 ms time duration in a cardiac cycle. The pulse sequence permits obtaining the navigator information in all three dimensions [superior-inferior (SI), anteriorposterior (AP), and left-right (LR)]. The imaging sequence following the navigators was a single-shot Fast Imaging with Steady Precession (FISP) sequence (Oppelt et al., 1986 ) whose implementation had a TR/TE/a of 3.2/1.6/308, and slice thickness of 8 mm. The base resolution for the image matrix and the navigator echoes was 256 pixel, while the field-of-view (FoV) along the readout direction was 340 mm, which implied a linear resolution of 1.328 mm/pixel for both the navigator echoes and the imaging data. The imaging sequence included eight dummy cycles played out at the start of the imaging scan for bringing the transverse magnetization to steady-state.
An ECG-prospectively triggered FLASH singleslice, multiphase breath-hold cine sequence (cine TurboFLASH; Siemens Medical Systems) with a TR/ TE/a of 27/3.4/208 was used to determine the time to mid-systole for each human volunteer who participated in the navigator study. This time was used to determine the trigger delay time for the RaMP echoes. Typically, the TD time was 159 ms + 13 ms, while the navigatorimaging delay (NID) was 1.4 ms.
Ten normal volunteers (age range: 21 -55 years, mean age: 35 years, 6 males, 4 females) were scanned with a phased array surface coil within all guidelines of human subject research of the National Institutes of Health. The scanning process utilized the following protocol:
1. ECG-gated FLASH multislice multiaxis nonbreath-hold localizers (TurboFLASH; SMS) were used to localize the heart. 2. Three-dimensional local volume-of-interest field shims were calculated with a manufacturer-supplied shimming sequence. 3. The approximate time to mid-systole was determined by applying the cine sequence indicated above. 4. RaMP echoes were applied, followed by the imaging sequence, under free-breathing and breath-hold conditions.
Steps 1 through 3 were performed only at the start of the experiment to set up the parameters for the execution of the final step. For verification of the method, the heart motion as tracked by the imaging sequence was compared to the motion predicted by the RaMP scheme to determine the reliability of the navigators. In case of the images obtained from the imaging sequence, the imaging scan for the first cardiac cycle was used as a reference image. Imaging scans for subsequent cardiac cycles were correlated to this reference image by the following process:
1. A rectangular region-of-interest (R-ROI) was drawn to include the heart and surrounding organs, in the first imaging scan (the reference scan), and propagated through the examination image stack. 2. A ROI was drawn around the heart (H-ROI) in the R-ROI of the first imaging scan to develop a positive mask. 3. A negative mask was applied on the chest wall (C-ROI) to minimize the position shift error that can occur when the chest wall has a very high signal level. This was done by creating a mask by drawing an ROI around the chest wall, and subtracting this mask from all the images in the exam stack. The entire image stack was subsequently visually examined to ensure that the negative mask did not intrude onto the H-ROI. 4. A two-dimensional extension of the onedimensional correlation approach discussed above, was performed between the H-ROI mask and the R-ROIs in subsequent imaging scans. This approach yields the position shift of the heart in the SI and AP directions in each imaging scan. 5. The images in the stack subsequently were also examined visually by applying the position shift values, to ensure that the position shifts were correctly calculated.
The implementation of the prospective approach of RaMP on the scanner was done as per Fig. 2 . For navigating only in one dimension, two RaMP echoes are acquired, i.e., a pair of alternating bipolar gradients, while four echoes are needed for navigating in two dimensions. The navigator projection data is processed in real time using a site-developed reconstruction package (utilizing the algorithm detailed above), and the displacement information obtained is used to translate the imaging slice before running the imaging sequence. For the two prospectively corrected cases (Case I and Case II) presented in this paper, a twodimensional version of RaMP was implemented, i.e., motion correction was applied only in the SI and AP directions. The flow encoding was done in the LR direction. Both the navigating and the imaging slices were sagittal in orientation. For Case I, an agarose-filled tube was placed above the phased-array surface coil to track the motion shift predicted by the navigator echoes; the body coil was used as the receiver in this case. For Case II, the phased-array surface coil was used as the receiver.
RESULTS
It has been well established (Wang et al., 1995) that the cardiac movement in the thorax is dominated by the superior-inferior (SI) motion, with the anterior-posterior motion being a fraction of the SI motion. Although LR motion of coronary arteries may be significant (Keegan et al., 2002) , RaMP did not observe appreciable LR bulk motion of the heart when compared with AP and SI motion. Therefore, the movement of the coronary vessels are likely the result of deformation of the heart, and RaMP is inherently insensitive to deformation and limited in this respect. In this paper we focus on the AP and SI bulk translational motion, and a sagittal slice is excited to detect these components.
It should be noted here, though, that RaMP navigators, in principle, can track all three directions of global cardiac motion, and prospectively slice-shift in response to movement in any or all of the three directions.
Feasibility Studies
In order to verify the capability of the RaMP navigators to predict cardiac displacement and determine the resolution range, the feasibility stage consisted of comparing the displacements predicted by the RaMP navigators in the SI and AP directions with that determined from the images obtained with the imaging sequence under a nonprospective implementation. Bland-Altman plots (Bland and Altman, 1986; are also obtained to determine the 95% limits of agreement, estimated by mean difference + 2 standard deviation of the differences, between the measurements by the two approaches.
Also, in order to determine the variation in navigator signal intensity with respect to slice thickness, a single volunteer comparison study was performed with navigator slice thicknesses of 10 mm and 20 mm and RF flip angles of 108 and 148. Figure 3 shows the signal intensity comparison for one projection along the SI and AP directions respectively. It is obvious from these plots that for tracking the SI projections, one could use a thinner slice with a higher flip angle (10 mm and 148) and achieve signal intensity levels comparable to that obtained by using a thicker slice at 108. However, even at a 148 flip angle, the signal intensity along the AP direction for the thinner slice is much reduced compared to that obtained by using the thicker slice at 108. Thus, under conditions where the SI and AP motion need to be tracked, care needs to be taken to ensure that the proper combination of slice thickness and RF flip angle is used to obtain high SNR for successful use of navigator echoes. A detailed optimization analysis using multiple volunteers is currently under way to determine the most suitable range of slice thickness and flip angles for the technique to work successfully.
Two different cases were considered during the feasibility study. In the first case, the volunteers were allowed to breathe freely during the entire scan, which lasted for 29 sec, and in the second case, the volunteers were made to hold their breath at the start of the scan, and then asked to release their breath 10 to 15 sec into the scan, which lasted for a total duration of 44 sec. The second case was considered in order to obtain a wider range of breathing displacements than would be obtained typically in a free-breathing scenario.
1. Case I: The RaMP navigators' prediction capability along the SI and the AP directions for the free-breathing condition is illustrated in Fig. 4 . Figures  4a and 4b show the RaMP CD navigators for the SI and AP directions respectively. Imaging scan snapshots (time t ¼ 0) are overlaid above the navigator echoes to provide approximate indicators of the location of the maximal Figure 6 . Prospectively navigated imaging scans for Case I (see text) over 15 cardiac cycles. Every other cardiac cycle image is shown to ensure clarity. The marker line is provided to illustrate the stationary nature of the heart, and the motion of the imaging slice can be tracked by monitoring the displacement of the agarose tube phantom in the left-inferior section of the images. navigator signal. In both cases, the RaMP signal is dominated by the ventricular blood volume. The oscillation in the signal corresponds to the motion of the heart under free-breathing conditions. Figures 4c and 4d show the Bland-Altman plots for the SI and AP directions respectively. In these plots, the cardiac position shifts as predicted by the RaMP navigators were compared to that observed in the images obtained through the imaging scan, for the 10 volunteers examined. For both the SI and AP measurements, there is a bias [less than 1 standard deviation (SD)] of the navigator measurements as compared with the imaging measurements, namely 0.44 and 0.06 mm, respectively. The lower and upper 95% acceptance bounds are 3.30 and 2.41 mm for the SI measurements and 2 1.75 and 1.63 mm for the AP measurements.
2. Case II: As mentioned earlier, in this case, the volunteers held their breath at the beginning of the scan, and released the breath-hold 10-15 sec into the scan. This provided a wider range of respiratory motion in an individual, and among individual volunteers. Figure 5 illustrates the behavior of the RaMP navigators in the SI and AP directions under such conditions. Figures 5a and 5b show the navigator echoes, while Fig. 5c and 5d show the Bland-Altman plots. As in the free-breathing case, the imaging scan snapshots overlaid above the navigator echoes were taken at the start of the scan, and thus can only provide an approximate indication of the location of the maximal navigator signal. From the echoes, it is self-evident that the ventricular blood volume remains almost stationary during the breathhold condition, and undergoes relatively large displacements in both the directions considered, when the volunteer resumes free breathing.
From the Bland-Altman plots, it is obvious that there is a wide range in the respiratory motion in the volunteer base considered, when they are coming out of the breathhold condition. For these cases, the bias of the navigator measurements as compared with the imaging measurements was 2 0.20 mm in the SI direction, and 0.33 mm in the AP direction. The lower and upper 95% acceptance bounds were 2 2.65 and 2.26 mm in the SI direction and 2 1.54 and 2.20 mm in the AP direction.
From these cases, the accuracy of the RaMP approach in predicting bulk motion is determined to be +1.43 mm in the SI direction and +0.84 mm in the AP direction during normal breathing.
Prospective Application
Having established the feasibility of the RaMP navigators to predict the cardiac displacement, the prospective approach was implemented on the clinical scanner as outlined earlier. Figures 6 and 8 show the RaMP implementation on two different human volunteers. While the prospective scans were done over 15 cardiac cycles, for the purpose of clarity, the figures show the cardiac position over every other cardiac cycle. Marker lines are drawn through the figures to illustrate the shift in position of the various organs, and the absence of heart motion. In Case I (Fig. 6) , as mentioned earlier, an agarosefilled tube was placed above the phased-array surface coil, in order to track the motion correction determined from the RaMP implementation. The marker line drawn through the apex of the heart clearly shows the motion of the tube and the various organs, and also shows that the heart appears stationary during the entire imaging cycle (15 heartbeats).
In order to determine the accuracy of the prospective navigation, the prospectively aligned images were postprocessed to determine whether there was any displacement correction required between the successive images. Figure 7 shows the navigator-predicted displacement in the SI and the AP directions, along with the displacement correction suggested in both directions. The amplitude of the residual correction is + 0.64 mm in SI and +0.52 mm in the AP direction.
In Case II (Fig. 8) , a smaller field-of-view is considered, and the marker line again illustrates that the various organs are displaced over the various cardiac cycles, while the heart remains stationary. The respiratory displacements are smaller in this volunteer as compared with the volunteer in Case I. Figure 9 shows the navigator-predicted displacement in the SI and the AP directions, along with the displacement correction suggested in both directions, for Case II. The amplitude of the residual correction is + 0.28 mm in SI and +0.21 mm in the AP direction.
Both cases illustrate that the prospective implementation of RaMP navigators is able to predict, and correct for, the bulk motion of the heart over multiple cardiac cycles to within + 1.43 mm in the SI direction and + 0.84 mm in the AP direction.
CONCLUSION
The RaMP navigator is demonstrated to be a feasible method for tracking the bulk translational motion of the heart. It has been applied in the SI and AP direction to obtain heart displacement in both directions simultaneously. Unlike other prospective navigation schemes, it does not rely on empirical correlations between the diaphragm and the heart. Also, RaMP navigators utilize small flip angles (a 108) so as to avoid interference with subsequent scans, while yielding sufficient SNR. For these reasons, the prospective version of the RaMP navigator is well-suited for cardiac scans that acquire uninterrupted time series of multiple, single-shot images, such as in function and perfusion assessments. However, RaMP navigators in coronary imaging needs to be further assessed by comparing it with other established navigator methods.
There are limitations to this navigating scheme. Some of these are outlined below:
1. By its very definition, RaMP navigation needs to obtain signal from moving blood to be successful in its implementation. So practical implementation of this approach of navigation may be nontrivial for pulse sequences, which require blood suppression or saturation.
2. Since RaMP depends on the signal from fastmoving blood volume, this navigation scheme has to be primarily applied in mid-systole or mid-diastole in order to maximize the navigation signal received, and these time frames may not be available for navigation in some exams. This may also lengthen the interval between the navigators and the image acquisition, thereby affecting the timeliness of the position measurement.
3. In conditions where the heart rate changes drastically, such as in stress imaging, the time of midsystole or mid-diastole may also change significantly, causing the RaMP navigator to miss the rapid ejection/ filling phase. Therefore, in such conditions it will be necessary to dynamically adapt the timing of the RaMP navigator.
